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Aims Arrhythmogenic cardiomyopathy (ACM) is a primary myocardial disease that typically manifests with cardiac
arrhythmias, progressive heart failure, and sudden cardiac death (SCD). ACM is mainly caused by mutations in
genes encoding desmosome proteins. Desmosomes are cell–cell adhesion structures and hubs for mechanosensing
and mechanotransduction. The objective was to identify the dysregulated molecular and biological pathways in hu-
man ACM in the absence of overt heart failure.

....................................................................................................................................................................................................
Methods
and results

Transcriptomes in the right ventricular endomyocardial biopsy samples from three independent individuals carrying
truncating mutations in the DSP gene and five control samples were analysed by RNA-Seq (discovery group). These
cases presented with cardiac arrhythmias and had a normal right ventricular function. The RNA-Seq analysis identi-
fied �5000 differentially expressed genes (DEGs), which predicted suppression of the Hippo and canonical WNT
pathways, among others. Dysregulated genes and pathways, identified by RNA-Seq, were tested for validation in
the right and left ventricular tissues from five independent autopsy-confirmed ACM cases with defined mutations
(validation group), who were victims of SCD and had no history of heart failure. Protein levels and nuclear localiza-
tion of the cWNT and Hippo pathway transcriptional regulators were reduced in the right and left ventricular vali-
dation samples. In contrast, levels of acetyltransferase EP300, known to suppress the Hippo and canonical WNT
pathways, were increased and its bona fide target TP53 was acetylated. RNA-Seq data identified apical junction, re-
flective of cell–cell attachment, as the most disrupted biological pathway, which were corroborated by disrupted
desmosomes and intermediate filament structures. Moreover, the DEGs also predicted dysregulation of over a
dozen canonical signal transduction pathways, including the Tec kinase and integrin signalling pathways. The changes
were associated with increased apoptosis and fibro-adipogenesis in the ACM hearts.
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Conclusion Altered apical junction structures are associated with activation of the EP300-TP53 and suppression of the Hippo/
cWNT pathways in human ACM caused by defined mutations in the absence of an overt heart failure. The findings
implicate altered mechanotransduction in the pathogenesis of ACM.
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1. Introduction

Arrhythmogenic cardiomyopathy (ACM) comprises a group of enig-
matic hereditary myocardial diseases whose cardinal manifestation is
ventricular arrhythmia occurring early and prior to the onset of overt
cardiac dysfunction.1,2 Cardiac dysfunction, manifested as an increased
ventricular diameter and decreased ejection fraction, commonly mani-
fests later in the course of the disease, is progressive, and leads to refrac-
tory heart failure as well as secondary cardiac arrhythmias.1,2 ACM is an
important cause of sudden cardiac death (SCD) in the young, which is of-
ten the first manifestation of the disease.3–5

The classic form of ACM predominantly involves the right ventricle,
particularly in the early stages, and is referred to as arrhythmogenic right
ventricular cardiomyopathy (ARVC). The pathological hallmark of
ARVC is fibrofatty infiltration of the myocardium, which typically starts
from the epicardium of the right ventricle.4 A subtype of ACM predomi-
nantly involves the left ventricle and presents with left ventricular dilata-
tion and failure, overlapping with the diagnosis of primary dilated
cardiomyopathy.6

The molecular genetic basis of ACM has been partially elucidated
upon identification of mutations in genes encoding protein constitu-
ents of the intercalated discs (IDs), particularly the desmosomes.7

PKP2 encoding plakophilin 2 is the most common causal gene for
ACM followed by DSP, DSC2, DSG2, and JUP, encoding desmoplakin,
desmocollin 2, desmoglein 2, and junction protein plakoglobin, re-
spectively.7–9 The genetic spectrum of ACM has been recently ex-
panded to include genes coding for proteins other than the ID
proteins, such as the TMEM43 and LMNA genes, coding for nuclear
membrane proteins transmembrane protein 43 and lamin A/C, re-
spectively. Moreover, mutations in PLN, encoding calcium homoeo-
stasis protein phospholamban; FLNC and DES encoding cytoskeletal
protein filamin C and desmin, respectively; and TTN, which codes
for the giant sarcomere protein titin have been identified as causes
of ACM.7 Other implicated genes include TGFB3, CDH2, and
CTNNA3, encoding transforming growth factor b3, cadherin 2, and
aT-catenin, respectively.2 Thus far, genetic studies have led to iden-
tification of the causal genes in approximately half of the ACM fami-
lies/cases.7

Desmosomes, abundantly expressed in cardiac myocytes and epi-
thelial cells, are cell–cell attachment structures, often referred to as
the apical junction complex, whose primary function in the heart is to
maintain mechanical integrity of the myocardium.10,11 The desmo-
somes are also signalling hubs, responsible, in part, for sensing the
mechanical stress, connecting with the cell cytoskeleton, and regulat-
ing the mechanosensing and mechanotransduction signalling path-
ways, including the Hippo and the canonical WNT (cWNT)
pathways.10,12,13 Accordingly, the Hippo pathway is activated and
gene expression through its co-effectors TEAD, YAP1, and TAZ is
suppressed in the context of heart failure in the advanced stages of
ACM.13 Likewise, gene expression through the cWNT downstream
co-effector, namely b-catenin (CTNNB1) and TCF7L2, is also sup-
pressed in advanced ACM.12 It is unknown, however, whether these
changes are secondary to cardiac dysfunction or are early preceding
the onset of overt heart failure in ACM. The significance of identification
of the early molecular changes in ACM is self-evident, as the early
changes would be free of the confounding effects of heart failure and
might imply a pathogenic role. Thus, the purpose of this study was to
identify the early molecular changes that occur in the heart prior to the
development of overt heart failure in genetically defined ACM.

2. Methods

2.1 Ethical statements
The studies with human heart samples were approved by the institu-
tional review board of the University of Texas Health Science Center at
Houston (HSC-IMM-07-0016) and Hospital Universitario y Politécnico
La Fe de Valencia, Spain. All participants signed informed consents prior
to participation in the study and the investigation conformed to the prin-
ciples outlined in the Declaration of Helsinki.

2.2 Clinical studies
ACM probands and family members underwent clinical evaluation, as
per the conventional medical care of ACM patients, which included elec-
trocardiography (ECG), Holter monitoring, echocardiography, and car-
diac magnetic resonance (CMR) imaging, in addition to history and
physical examination.

2.3 Molecular genetic studies
Genetic testing was performed in the probands by candidate gene
Sanger sequencing or whole exome sequencing with a focused analysis
of cardiomyopathy panel, followed by cascade genetic testing of the re-
lated family members by Sanger sequencing or multiplex ligatioin-
dependent probe amplification (MLPA), as appropriate.

2.4 Discovery and validation study
populations
The discovery samples were from three independent patients with famil-
ial ACM caused by three different truncating DSP mutations. They pre-
sented with ventricular arrhythmias in the setting of family screening and
were evaluated for ACM per the 2010 revised Task Force guidelines,
which included ECG, CMR, and echocardiography, as well as genetic
testing. The patients underwent endomyocardial biopsy per the conven-
tional procedure and samples from the right ventricle near the apical
septum were obtained. Given that endomyocardial biopsy in control
healthy individuals is not justifiable, the right ventricular tissues from five
donor explanted hearts with no apparent cardiovascular diseases that
were not used for heart transplantation were included as controls. The
endomyocardial samples from the patients and the control samples
were used for whole heart RNA-sequencing (RNA-Seq).

Right and left ventricular tissues from five victims of SCD who had no
known history of heart failure but were found to have ACM on autopsy
were used as the validation samples. They carried pathogenic variants
(PVs) in genes known to cause ACM.14 Right and left ventricular samples
from five explanted hearts with no documented history of cardiovascular
disease were used as control heart.

2.5 RNA-Seq
Whole heart RNA-Seq was performed, as published with some modifi-
cations.15–18 Total RNA was extracted from flash-frozen samples using
the miRNAeasy mini kit (CAT#217004). RNA quality was assessed using
the Agilent bioanalyzer, and only samples with RNA Integrity Number
(RIN) of >7 were used. Strand-specific libraries were prepared following
depletion of ribosomal RNA and sequenced on an Illumina HiSeq 4000
instrument using the paired-end sequencing chemistry.

Raw RNA sequencing reads were aligned to the human reference
genome (build GRCh38/hg38) using HISAT2.19 The number of the
uniquely mapped reads per gene was determined using the
featureCounts tool, as the sum of reads associated with each of the
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exons in the gene. The read data were normalized using the Remove
Unwanted Variation (RUVr) method.20 Differentially expressed genes
(DEGs) were defined as genes whose transcript levels differed between
ACM and control samples at the Benjamini–Hochberg adjusted P value
(i.e. q value) of <0.05, as determined using the DESeq2 software in the R
package.21 Heat maps and volcano plots were generated for data visuali-
zation in Rstudio using normalized count per million (CPM) values
(www.rstudio.com). Circos maps were plotted using the GOCHORD
function in R.

2.6 Predicted transcriptional regulators
and biological pathways
The RNA-Seq data were analysed as published with minor modifica-
tions.15–18 To obtain the biological functions associated with the DEGs,
Gene Set Enrichment (GSEA, version 2.2.3, http://software.broadinsti
tute.org/gsea/) was performed. Significance level was determined by the
permutation-based statistical inference and only gene sets with a
q < 0.05 were presented. Strength of the enrichment was ranked by
Normalized Enrichment Score (NES) using the Molecular signature data-
base (MSigDB) 3.0, curated gene sets for the Hallmark canonical path-
ways. GSEA for YAP1 targets was also performed using the following
Gene Set: CORDENONSI_YAP_CONSERVED_SIGNATURE. The
transcriptional regulators (TRs) responsible for differential gene expres-
sion were predicted using the Upstream regulator analysis function of
the Ingenuity Pathway Analysis software (IPAVR , QIAGEN Redwood
City). Those showing an overlap P-value of <0.05 and a predicted Z
score of < -2 or >2 were considered significant. Targets of the specific
TRs were obtained from IPA.

2.7 Immunofluorescence
Immunofluorescence (IF) was performed as previously described.16,17

Briefly, fresh-frozen right ventricular tissues were embedded into OCT
containing compound and frozen using 2-Methyl butane in liquid nitro-
gen, cut into 5 mm sections, fixed in 4% formaldehyde for 10 min at room
temperature. Following fixation sections were washed, washed twice
with PBS for 5 min each, and blocked using 10% goat serum in PBS con-
taining 0.3% Triton X-100 solution for 1 h at room temperature. The
myocardial sections were then incubated with the primary antibodies in
the presence of 1% bovine serum albumin (BSA) with 5% goat serum in
PBS containing 0.5% Triton X-100 solution overnight at 4�C. All the pri-
mary antibodies along with dilutions are listed in Supplementary material
online, Table S1. The corresponding secondary antibody conjugates
were added the next day and the nuclei were counter-stained with 40,6-
diamidino-2-phenylindole (DAPI). The percentage of nuclei that stained
for each protein was determined by counting at least 13 000–40 000 nu-
clei in each group and was compared.

Immuno-stained myocardial sections were imaged using a Zeiss mi-
croscope and Axiovision software at 40X magnification. Approximately
20–30 fields per each section were imaged and the images were con-
verted to 8-bit grayscale. Stained pixel area was calculated for each image
using Image J software by adjusting the threshold to the background. The
distribution of pixel area was compared between control and ACM sam-
ples using density plots in R-Studio after normalizing for the sample size.

2.8 Immunoblotting
Immunoblotting was performed as published.16,17 In brief, 5–10 mg ali-
quots of right and left ventricular tissue samples from ACM and control
hearts were homogenized in a RIPA buffer containing 0.5–1% SDS in the

presence of protease and phosphatase inhibitors (cat #4693116001 and
cat #49068459001, Roche Molecular Biochemicals, respectively).
Protein extracts were quantitated by the detergent compatible protein
assay kit (Biorad Cat# 500-0114) using a spectrophotometer set at 750
nm. Approximately 50–100 mg aliquots of protein lysates were dena-
tured in a Laemmli sample loading buffer, loaded onto an SDS-PAGE gel,
and transferred to a nitrocellulose membrane. Expressions of the pro-
teins of interest were detected by probing the membranes with the spe-
cific primary antibodies and the corresponding HRP conjugated
secondary antibodies. The list of all primary and secondary antibodies
used in the study was reported in Supplementary material online, Table
S1. The signal for each protein was normalized to the endogenous load-
ing control protein GAPDH signal. Quantitation of western blot signal
was performed using Image J software.

2.9 TUNEL assay
Apoptosis was detected in the control and ACM hearts as described
previously.22 Briefly, thin myocardial sections were deparaffinized in xy-
lene, rehydration in a series of decreasing ethanol gradients, washed in
PBS, and treated with proteinase K (20 lg/mL) in 10 mM Tris pH 7.5
and 1 mg/mL BSA for 20 min at room temperature. Sections were incu-
bated with terminal deoxynucleotidyl transferase dUTP nick end label-
ling (TUNEL) assay by In-Situ cell death detection Fluorescein kit
(Roche Cat#11684795910) as per the manufacturer’s instructions for
one hour at 37�C. Nuclei were counter-stained with 1 lg/mL 40,6
Diamidino-2-phenylindole dihydrochloride (DAPI, Sigma-Aldrich St
Louis, MO; Cat# D8417). Approximately 5000–10 000 nuclei were
counted per sample and the percentage of nuclei stained for TUNEL
was quantified using image J software.

2.10 Conventional statistical methods
Parametric variables were presented as mean and SD and the differences
between the two groups were comparted by unpaired t test.
Categorical and non-parametric variables were compared by Fisher’s ex-
act and Mann–Whitney U test, respectively. Cumulative distributions
were plotted by Kernel density plots and were compared by
Kolmogorov–Smirnov test.

3. Results

3.1 Phenotypic characteristics
The discovery population, used for RNA-Seq, was comprised of mem-
bers of three independent families with defined truncating mutations in
the DSP gene, who were found to have ventricular arrhythmias in the
setting of family screening triggered by the diagnosis of ACM in a first-de-
gree relative. These individuals fulfilled the 2010 Task Force Criteria for
the diagnosis of ACM (Supplementary material online, Table S2).23 None
had symptoms or signs of heart failure and each had a normal right ven-
tricle size and function on the echocardiogram and/or CMR imaging. The
characteristics of one patient who had a mildly enlarged left ventricle and
a mildly reduced LVEF but a normal right ventricular function and no clin-
ical evidence of heart failure have been published.24 The other two indi-
viduals had normal left ventricular size and ejection fraction. Detailed
characteristics of the patients are listed in Supplementary material online,
Tables S2 and S3. Representative phenotypic data are shown in
Supplementary material online, Figures S1 and S2.

Right and left ventricular samples were obtained from hearts of five
victims of SCD and used in the validation studies. All were Caucasian
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Figure 1 RNA-Seq of endomyocardial biopsy samples from ACM and control hearts showing differentially expressed genes and dysregulated biological
pathways. (A) Principle component analysis (PCA) plots showing distinct separation of the ACM and control samples. Each dot represents one sample.
(B) Volcano plot showing differentially expressed genes (DEGs, q < 0.05). Down-regulated genes are shown in blue and up-regulated ones in red. Those
shown in black reflect genes whose expression levels were unchanged. (C) Heat map of the DEGs, blue indicated low and red high transcript levels.
(D) Transcriptional regulators (TRs), which were predicted to be activated upon IPA analysis of the DEGs. Only TRs that showed an enrichment P value
of <0.05 and a Z score of > 2 are shown. (E) Panel depicts TRs that were predicted to be suppressed (enrichment P value of <0.05 and a Z score of <-2).
Those highlighted in blue are major transcriptional effector of the Hippo pathway (YAP1, TEAD1, and TEAD4) or canonical WNT signalling (TCF7L2
and CTNNB1) pathways.
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..male individuals with a mean (±SD) age of 37.4± 12.3 years. One case had
a known diagnosis of ACM but four were diagnosed for the first time at
autopsy. Phenotypic characteristics of these cases have been described in
Supplementary material online, Figures S3–S6. None of the cases had a
known history of heart failure and all were asymptomatic, except for one
individual who had an episode of syncope due to ventricular arrhythmias
(Supplementary material online, Figures S3–S6). Phenotypic data in one
case have been published and therefore, were not presented.14

Right and left ventricular samples from five explanted hearts
from individuals who had died from non-cardiovascular causes and
were not known to have cardiovascular diseases or chronic health

conditions, such as cancer, were included as controls. The mean
age of the group was 31.6 ± 12.8 years. Three were of Caucasian
ethnicity (two male and one female) and two were Hispanic (both
male).

3.2 Mutations
Cases in the discovery population had three distinct truncating var-
iants in the DSP gene (Supplementary material online, Table S2).
Likewise, all five cases in the validation population carried PVs in genes
known to cause ACM, including DSP (c.2878-46_6599del, large dele-
tion including exons 21–23), PKP2 (p.Lys672ArgfsTer12 and p.

Figure 2 Suppression of the Hippo pathway, predicted from the RNA-Seq data. (A) Circos map of the genes regulated by the YAP1 and TEAD TRs of
the Hippo pathway. Connecting lines show common and unique genes and are coloured based on the status of fold change in gene expression in ACM vs
Control samples. Blue indicates suppression and red activation of gene expression. (B) Pie charts showing the number of suppressed and activated genes
for each TR obtained from IPA. (C) Heat map of the YAP-TEAD targets showing reduced transcript levels (blue) of the majority of the genes in this path-
way, as opposed to increased transcript levels (red) in ACM as compared to control hearts. Each lane represents one sample. (D) Gene set enrichment
analysis (GSEA) plot showing enrichment of the YAP1 targets among the suppressed genes. GSEA plots are shown with corresponding normalized en-
richment score (NES) and the q value. (E–H) Immunoblotting and the corresponding quantitative data (normalized to GAPDH) showing reduced levels
of YAP1, TAZ, TEAD1 isoforms, and ANLN proteins in the right (E and F) and left (G and H) ventricular ACM heart samples as compared to control
hearts. P-values were calculated by unpaired t test. (I–P) Immunofluorescence staining of thin myocardial sections for YAP1 (I), TAZ (K), TEAD1 (M), and
ANLN (O) of the Hippo pathway in the control and ACM hearts. Quantitative data showing the percentage of nuclei stained for the selected Hippo path-
way proteins in the five control and five ACM hearts (J, L, N, and P). Between 13 000 and 40 000 nuclei per group were counted for this analysis and P val-
ues were determined by unpaired t test.
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..Arg79Ter), TMEM43 (p.Ser358Leu), and FLNC (p.Arg1370Ter), as
listed in Supplementary material online, Table S3. Two cases carried
additional variants, which were categorized as variants of unknown
significance, in genes encoding desmosome proteins (DSC2: p.
Thr358Ile; DSP:IVS2þ 5G>A and DSG2:c.523þ 2_523þ 3insT).
These variants are listed in each pedigree.

3.3 RNA-Seq
Strand-specific RNA-Seq was performed on ribosome-depleted
RNA extracts from three ACM and five control samples. PCA plot

showed distinct segregation of transcripts in the ACM and control
samples (Figure 1A). There were 4855 differentially expressed genes
(DEGs), comprised of 2806 down-regulated and 2049 up-regulated
genes, between the ACM and control samples. The corresponding
volcano plot and the heat map of the DEGs are depicted in Figure 1B
and C, respectively. To assess the effects of the truncating mutations
on DSP expression, transcript levels of DSP were compared be-
tween control and ACM hearts, which showed �60% reduction in
the ACM hearts (Control: 67 362 ± 5006 cpm vs. ACM: 25
735 ± 5157, P = 0.0008).

Figure 3 Suppression of the canonical WNT (cWNT) pathway, predicted from the RNA-Seq data. (A) Circos map of the genes regulated by the
CTNNB1 and TCF7L2 TRs of the cWNT pathway. Blue indicates suppression and red activation of gene expression. (B) Pie charts showing the number
of suppressed and activated genes obtained from IPA for each TR. (C) Heat map of the cWNT pathway targets showing reduced transcript levels (blue)
of the majority of the genes in this pathway, as opposed to increased transcript levels (red) in ACM as compared to control hearts. Each lane represents
one sample. (D) Gene set enrichment analysis (GSEA) plot showing enrichment of the cWNT targets among the suppressed genes. (E–H)
Immunoblotting showing reduced levels of both isoforms of TCF7L2 and KLF4 proteins CDKN1A, and CTNNB1 in the right (E and F) and left (G and H)
ventricular ACM heart samples as compared to control hearts. Quantitative data corresponding to immunoblots in panels F and H (normalized to
GAPDH). The p value was determined by unpaired t test. (I–P) Immunofluorescence staining of thin myocardial sections for TCF7L2 (I), KFL4 (K),
CDKN1A (M), and CTNNB1 (O) of the cWNT pathway in the control and ACM hearts. Quantitative data showing the percentage of nuclei stained for
the selected cWNT pathway proteins in the control and ACM hearts (J, L, and N). Between 13 000 and 40 000 nuclei per heart were counted to obtain %
positive nuclei. The P value was determined by unpaired t test. (P) Kernel density map showing quantitative data on the mean cross-sectional areas stained
for CTNNB1 protein in the ACM and control hearts. Approximately 10 000 CTNNB1-stained areas per sample were counted and Kernel size distribu-
tion density maps were compared by Kolmogorov–Smirnov test.
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Figure 4 Deranged structure of the intercalated disc and intermediary filaments. (A) GSEA plot of apical junction, which was the most suppressed biologi-
cal pathway in ACM hearts. (B) Heat map corresponding to genes involved in apical junction, which shows predominance of the suppressed genes (blue).
(C) Myocardial areas stained for the expression of DSP, representing structure of the desmosomes, in the ACM hearts. (D) Kernel density map showing
quantitative data on the mean cross-sectional areas stained for DSP protein in the ACM and control hearts. Approximately 10 000 desmosomes per sample
were counted and Kernel size distribution density maps were compared by Kolmogorov–Smirnov test. (E) Myocardial areas stained for the expression of
GJA1 protein, representing gap junction at the cell–cell junction, in the ACM hearts. (F) Kernel density map of GJA1 distribution depicting the mean cross-
sectional myocardial areas stained for the GJA1 protein expression in the ACM and control hearts. Statistical analysis was as in D. (G) Myocardial areas
stained for the expression of VIM protein, representing the intermediate filaments structure in the ACM hearts. (H) Kernel size density map of VIM-stained
myocardial areas in the ACM and control hearts. Statistical analysis was as in D.
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3.4 Dysregulated TRs
The DEGs were analysed to identify TRs that were responsible for differ-
ential gene expression in the ACM samples. The up-regulated genes pre-
dicted activation of MYCN, RB1, and PPARGC1A among others,
whereas the down-regulated genes predicted suppression of STAT3,
KDM5A, and SMARCA4 among others (Figure 1D and E). Pertinent to
the pathways implicated in the pathogenesis of ACM, the DEGs pre-
dicted suppression of gene expression through YAP1, TEAD1, and
TEAD4, TRs of the Hippo pathway (Figure 1E). Likewise, gene expres-
sion through TCF7L2 and CTNNB1, the TRs of the cWNT pathway,
was predicted to be suppressed (Figure 1E).

The DEGs comprised 642 genes whose protein products are expected
to be secreted, i.e. secretome (Supplementary material online, Figure S7).
Notable among the differentially expressed secretome were cytokines
PF4 (11.5-fold increase, q < 0.0001), CXCL5 (2.82-fold increase,
q < 0.0001) and CCL5 (2.2-fold increase, q = 0.002), as well as growth and
mitotic factor FGF18 (2.7-fold increase, q < 0.0001). The DEGs coding for
the secretome predicted activation of PPARGC1A, SMAD7, and KLF2
and suppression of STATs, TEADs, YAP1, and CTNNB1, among others
(Supplementary material online, Figure S7B). Clustering of the genes cod-
ing for the secretome based on their biological functions identified those
involved in the regulation of cell migration and motility, cytokine-
mediated signalling, and mitochondrial respiratory chain complex among
the largest clusters (Supplementary material online, Figure S7C).

3.4.1 Suppression of gene expression through the Hippo

pathway
To expand on the RNA-Seq data predicting suppression of the YAP1/
TEAD transcriptional activities, transcript levels of DEGs that are known
to be regulated by Hippo pathway were compared between the ACM
and control hearts, which showed reduced levels in the ACM hearts
(Figure 2A). Among the DEGs, expression levels of 74 YAP1/TEADs tar-
get genes were reduced, whereas transcript levels of 20 target genes
were increased (Figure 2B, P < 0.0001). A heat map of the Hippo pathway
target genes showing suppression of the majority of the transcripts in
the endomyocardial biopsy samples in ACM is presented in Figure 2C.
Likewise, GSEA predicted suppression of gene expression through
YAP1 in the ACM hearts (Figure 2D).

To test for validation of the RNA-Seq findings, expression levels of se-
lected Hippo pathway proteins were assessed by immunoblotting in right
and left ventricular samples from five independent victims of SCD.
Expression levels of YAP1, TAZ (WWTR1), and TEAD1, key downstream
effectors of the Hippo pathway, were reduced in the right and left ventric-
ular samples from the ACM hearts, as compared to the corresponding
ventricular tissues from the control hearts (Figure 2E–H). Similarly, expres-
sion levels of ANLN, a Hippo pathway target involved in regulation of cy-
toskeleton, were reduced (Figure 2E–H). The selected Hippo pathway
proteins are known to be localized to the nucleus, enabling unequivocal
detection of their expression and localization. Therefore, nuclear localiza-
tion of YAP1, TAZ, TEAD1, and ANLN was analysed by immunofluores-
cence staining of thin myocardial sections. The number of cells stained
positive for the expression of each Hippo pathway protein was reduced
markedly in the ACM as compared to control heart samples (Figure 2I–P).
Thus, the findings of RNA-Seq, immunoblotting, and immunofluorescence
staining were concordant in showing suppression of the transcriptional

activity of the Hippo pathway and were present in both ventricles, irre-
spective of chamber-specific histological involvement.

3.4.2 Suppression of gene expression through the cWNT

pathway
Given that the DEGs predicted suppression of transcriptional activities
of the CTNNB1 and TCF7L2, the co-effector of the cWNT pathway
(Figure 1E), transcript levels of CTNNB1 and TCF7L2 target genes were
compared in the control and ACM hearts. A circos map of the cWNT
pathway target genes regulated by the CTNNB1 and TCF7L2 transcrip-
tional co-effectors illustrated significant down-regulation of the tran-
script levels in the ACM hearts (Figure 3A). Of the 226 known CTNNB1
target genes, as listed in the IPA dataset, 159 (70%) had lower expression
levels in the ACM hearts (Figure 3B, P = 0.0002). Likewise, 68/88 (77%)
of the TCF7L2 target genes were suppressed in the ACM hearts (Figure
3B, P = 0.0002). A heat map of the cWNT pathway target genes is
depicted in Figure 3C, which illustrated down-regulation of the transcript
levels of the majority of the cWNT target genes. Finally, the DEGs were
analysed by GSEA, which showed enrichment of the cWNT target genes
among the down-regulated genes in the ACM hearts (Figure 3D).

To test for validation of suppressed cWNT pathway in ACM, as pre-
dicted by the RNA-Seq data, expression levels of selected cWNT signal-
ling pathway molecules, namely TCF7L2, KLF4, CDKN1A, and
CTNNB1, were examined by immunoblotting in the right and left ven-
tricular samples. Levels of TCF7L2 isoforms, KLF4 isoforms, CDKN1A,
and CTNNB1 were markedly reduced in the right and left ventricular tis-
sues in the ACM hearts as compared to controls (Figure 3E–H).
Immunostaining of thin myocardial sections corroborated the findings by
showing reduced number of cells with nuclear localization of TCF7L2,
KLF4, and CDKN1A (Figure 3I–N) and altered localization and reduced
size density of CTNNB1 (Figure 3O and P) in the ACM hearts.

3.5 Dysregulated biological pathways
The DEGs predicted adipogenesis as the most activated biological pathway
and apical junction, representing cell–cell attachment, as the most sup-
pressed pathways in the ACM hearts (Supplementary material online,
Figure S8 and Figure 4A). The predicted dysregulated biological pathways
also included fatty acid metabolism and oxidative phosphorylation, which
were activated, whereas inflammatory responses and IL6/JAK/STATs
were predicted to be suppressed (Supplementary material online, Figure
S8). In accord with truncating DSP mutations in the ACM patients, the api-
cal junction pathway was suppressed in the ACM as compared to control
hearts, depicted in the GSEA plot, showing depletion of the DEGs in the
ACM group (Figure 4A). Similarly, the heat map showed reduced transcript
levels of DEGs representing the apical junction pathway (Figure 4B).

The DEGs were also analysed by IPA to predict the dysregulated ca-
nonical signalling pathways, as listed in the IPA database, in the human
hearts with ACM. The results, shown in Supplementary material online,
Figure S9, are notable for suppression of over a dozen and activation of a
few pathways in the hearts from patients with ACM.

3.6 Altered ID and cytoskeletal structures
The RNA-Seq data predicted suppression of the ‘apical junction’, a term
used in the GSEA parlance to describe cell–cell adhesion, which in car-
diac myocytes includes the IDs (Figure 4A). To assess the effects of the
PVs on the ‘apical junction’, thin myocardial sections were stained with

1474 L. Rouhi et al.

https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab197#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab197#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab197#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab197#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab197#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab197#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab197#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab197#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab197#supplementary-data


..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.
antibodies against selected proteins, as representative of the IDs, cyto-
skeletal, and intermediate filament proteins. There were marked differ-
ences in the size of the areas stained for the expression of DSP in the
ACM as compared to control hearts, which was depicted as a leftward
shift in the size-density plot, indicating smaller sizes in the ACM tissues
(Figure 4C and D). Likewise, size-density distribution of GJA1 (connexin
43), which localizes to the IDs, was significantly altered in the ACM
hearts (Figure 4E and F). In accord with the structural changes in the IDs,
orderly organization of the cytoskeletal and intermediate filament pro-
tein VIM (vimentin), which is known to be connected to the IDs, was al-
tered in the ACM hearts, as reflected in a shift toward smaller sizes in
the kernel density plots (Figure 4G and H).

3.7 Activation of EP300-TP53 pathway
In view of the role of the cell junction in regulating the mechanosensitive
signalling pathways, including the Hippo and cWNT pathways, expres-
sion of acetyltransferase EP300, which is regulated by the mechanical

stress and known to interact with the Hippo and cWNT pathways, was
analysed in the right and left ventricular ACM and control samples.25–27

Levels of the EP300 protein were markedly increased in the right as well
as left ventricular myocardium in the ACM hearts as compared to con-
trols (Figure 5A–D). Given that EP300 acetylates its target proteins, levels
of acetylated TP53 (acetyl-TP53K382), the best-established target of
EP300, were analysed by immunoblotting, which showed increased lev-
els in the right and left ventricular samples (Figure 5E–H). In accord with
increased levels of acetyl-TP53K382, levels of phosphorylated TP53 at
serine residue 15 (pTP53S15) were also increased in the samples from
both ventricles in the ACM hearts, as compared to the controls (Figure
5I–L). Furthermore, levels of total TP53 were also increased in the ACM
tissues from both ventricles (Figure 5M–P).

Given the well-established role of TP53 in apoptosis, thin myocardial
sections were analysed by the TUNEL assay, which showed increased
number of nuclei staining positive for the assay in the ACM hearts
(Figure 5Q–S). To complement the findings of the TUNEL assay, levels

Figure 5 Activation of the EP300-TP53 pathway in the ACM hearts. (A–P) Immunoblots showing increased levels of EP300 proteins, acetyl-TP53
(K382), phospho (S15)-TP53, and total TP53 in the right and left ventricular samples in the ACM hearts as compared to controls. The corresponding
quantitative data, normalized to GAPDH, are shown next to each panel. (Q–R) Increased myocardial apoptosis in the ACM hearts as compared to con-
trols (Q: low magnification and R: high magnification). The corresponding quantitative data are shown in S. (T–U) Immunoblots showing increased levels of
the cleaved (activated) Caspase 3 (CASP3) and the corresponding loading control GAPDH in the ACM hearts (T). Quantitative data are shown in U.

EP300, TP53, Hippo, and WNT pathways in ACM 1475
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of cleaved Caspase 3 (CASP3) were analysed by immunoblotting, which
corroborated the findings by showing increased levels in the ACM
hearts (Figure 5T and U).

4. Discussion

Analysis of the transcripts by RNA-Seq in the endomyocardial biopsy
samples from human patients with defined truncating mutations in the
DSP gene and normal right ventricular size and function, led to identifica-
tion of over two-dozen dysregulated TRs, including the Hippo/cWNT
pathways. The findings of the RNA-Seq were corroborated by immuno-
blotting and immunofluorescence studies in independent autopsy-
proven ACM samples obtained from the right and left ventricles of five
victims of SCD who carried PVs in ACM genes but had no prior history
of heart failure. A novel finding was activation of the EP300 protein,
which is an acetyltransferase known to interact with and suppress the
cWNT/Hippo pathways.26,27 In conjunction with the activation of
EP300, the TP53 protein, a bona fide target of EP300, was acetylated and
its phosphorylated levels were increased. Activation of EP300-TP53
pathway and suppression of the Hippo/cWNT pathways were detected
in the right and left ventricular ACM samples, irrespective of the ventri-
cle showing fibroadiposis, and occurred in the absence of heart failure.
Given the well-established role of these regulators of gene expression in
various biological processes pertaining to the phenotype in ACM, such
as apoptosis, cell size, cell cycle regulation, and fibro-adipogenesis, the
findings suggest their pathogenic involvements in ACM.

Whereas identification of activation of the EP300-TP53 pathway in
ACM is novel, the findings on suppression of the Hippo/cWNT tran-
scriptional activities, in the absence of overt heart failure, are also novel
and extend the previous findings in ACM patients with advanced heart
failure.13 The findings were validated by complementary methods at the
RNA and proteins levels, the latter in the right and left ventricular ACM
samples, and were corroborated by detection of nuclear localization of
the selected proteins. Both the discovery samples, used for RNA-Seq
and the validation samples were obtained from individuals with defined
PVs in the ACM genes, which were shown to co-segregate with the phe-
notype in the families or are published.24 The biological effects of the
PVs were evident by �50% reduction in the DSP mRNA levels, consis-
tent with haplo-insufficiency. The cases were members of families who
exhibited either left-dominant ACM or isolated involvement of the left
ventricle, which further expand the role of the dysregulated TRs to the
broader spectrum of ACM. Collectively, the data suggest that activation
of the EP300/TP53 and suppression of gene expression through the
Hippo/cWNT pathways are independent of the confounding effects of
heart failure and therefore, likely pathogenic in ACM. Moreover, identifi-
cation of over two dozen dysregulated TRs in the absence of overt heart
failure in ACM indicates the complexity of the molecular pathways that
are directly or indirectly regulated by altered cell–cell junctions in ACM.

The putative mechanisms responsible for activation of the EP300-
TP53 and suppression of gene expression through the Hippo/cWNT
pathways were not explored but likely pertain to involvement of their
components in the apical junctions, which encompass the desmosomes
among other cell–cell junction structures.13 One might posit that muta-
tions in genes encoding the desmosome proteins by affecting integrity of
the apical junction in sensing the mechanical stress of myocardial con-
traction and relaxation, dysregulate these mechanosensitive pathways.
The notion was supported by the RNA-Seq data, which identified the
apical junction pathway, a Hallmark term for GSEA, as the most

suppressed biological pathway in the ACM hearts. Indeed, ACM, mainly
a disease of apical junction, is the prime model of dysregulation of
mechanosensing and mechanotransduction in the heart.13 In agreement
with this notion, experimental data point to impaired mechanosensing in
cells defective in the desmosome proteins.28 Moreover, the upstream
molecules of the Hippo/cWNT pathways are known to be localized to
the apical junctions, including the IDs, and are dysregulated in ACM.13,29

Impaired signal transduction at the apical junction is further comple-
mented with the complex multi-stage interactions among the compo-
nents of these pathways and consequent suppressive effects of activation
of the EP300/TP53 on the Hippo/cWNT signalling pathways.26,27,30,31

For example, TAZ, whose levels were decreased in the ACM hearts, is
known to inhibit the EP300-mediated acetylation of TP53 and EP300 is
known to inhibit the cWNT pathway.26,27 Likewise, TAZ inhibits phos-
phorylation of dishevelled (DVL), resulting in suppression of the cWNT
pathway.31 Moreover, MST1/2, a key kinase in the Hippo pathway, inacti-
vates DVL2 and suppresses the cWNT pathway.32 Furthermore,
LATS1/2, downstream targets of MAST1/2 in the Hippo pathway, are es-
sential for transcriptional activity of the cWNT pathway.33 In addition,
YAP1 and CTNNB1 are known to interact both in the cytoplasm and in
the nucleus.13 Whereas the cytoplasmic interaction results in sequestra-
tion of YAP1 and CTNNB1 and suppression of gene expression through
the Hippo/cWNT pathways, the nuclear interaction has the opposite
effects, as it leads to increased transcription activities of the Hippo and
cWNT pathways.30,34,35 The net effect of complex interactions among
the mechanosensing pathways in ACM is activation of EP300/TP53 and
suppression of transcriptional activities of the Hippo/cWNT pathways.

The study has a number of limitations. The sample size of study popula-
tion is small (a total of eight ACM cases), which was constrained partly be-
cause of rarity of the disease and the inherent challenges in obtaining
endomyocardial biopsy in patients with ACM, given the potential risk asso-
ciated with performing an invasive procedure. In addition, it is important to
note that the RNA-Seq was performed in the RNA extracted from the
right ventricular endomyocardial biopsy, whereas the control and valida-
tion samples were from the right and left ventricular transmural tissues.
Consequently, differences in the myocardial regional gene expressions
could confound the findings, even though the findings in the discovery and
validation studies were concordant. Likewise, the discovery cases had in-
ternal defibrillator/cardioverter implanted, which could cause local fibrosis
and potentially affect gene expression in the endomyocardial samples.
Mutations in the DSP gene are known to cause left-dominant ACM, often
resembling dilated cardiomyopathy.9,36–40 Despite the chamber-specific
differences in the phenotypic expression, DSP and other desmosome pro-
teins are expressed and desmosomes are formed in both ventricles. The
concordant findings in the right and left ventricles provide further cre-
dence to independence of these changes from cardiac dysfunction, in
keeping with the findings on CMR and echocardiography.

Some of the validation samples exhibited pathological features of ACM
in one of both ventricles, including fibro-adipocytic infiltration of the myo-
cardium, which could also confound the RNA-Seq findings. To reduce
such effects tissues from the apparently unaffected ventricles were used in
the validation studies. Nevertheless, microscopic histological changes
could remain undetected and affect gene expression. Tissue obtained by
the endomyocardial biopsy is scant in amount and typically insufficient for
complementary molecular studies. Despite these drawbacks, good quality
RNA and a high number of unique sequence reads were obtained in the
RNA-Seq studies, which enabled a reliable identification of the DEGs and
prediction of the dysregulated TRs and biological pathways. Furthermore,
the disease commonly starts from the epicardium of the right ventricle,
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which might differ in gene expression from the endocardial region.
Epicardial and left ventricular tissues, however, are seldom available from
ACM patients, unless at autopsy or in the explanted hearts of patients
who have undergone heart transplantation.

Whereas the endomyocardial biopsy samples were fresh and yielded
excellent quality RNA, the right and left ventricular tissues, which were
used for the validation studies, were obtained post-mortem.
Consequently, partial post-mortem protein degradation might have oc-
curred, which could confound the findings. Post-translational protein mod-
ifications, such as phosphorylation, often affect protein stability, consistent
with increased levels of TP53-K382Ac and pTP53S15 as well as levels of the
EP300 acetyltransferase. In addition, protein levels were presented as nor-
malized values to the house-keeping proteins. While some level of post-
mortem degradation could not be excluded, considering the above, it is
unlikely that the observed changes in the levels of the Hippo and cWNT
pathway proteins are mainly due to post-mortem degradation.

It is important to recognize that the findings are descriptive and the links
among various components of the EP300/TP53 and Hippo/cWNT path-
ways are associative, mainly supported by the existing data.26,27,30,31 The
small sample size of the study population hinders correlation between
changes in the gene expression with the histological, genetic, or clinical
phenotypes in patients with ACM. Moreover, two of the validation cases
had PVs in FLNC and TMEM43 gene, which might involve different or addi-
tional sets of mechanisms from those pertaining to PVs in DSP gene.

The phenotype in ACM, comprised mainly of cardiac arrhythmias,
heart failure, and fibrofatty infiltration of the myocardium, is complex, in-
volving a diverse array of biological pathways and mechanisms in its path-
ogenesis. The RNA-Seq data in this study also predicted dysregulation of
over a dozen transcriptional regulators and canonical signalling pathways
in the human hearts with ACM. The findings as well as the previous data
implicate involvement of a large number of upstream pathways, in addi-
tion to the EP300/TP53/Hippo/cWNT pathways, such as integrins, re-
ceptor tyrosine kinases, and the transforming growth factor b in the
pathogenesis of the phenotype in ACM.28,41–43

In conclusion, the findings, validated in independent samples and by
complementary methods, indicate activation of the EP300/TP53 and sup-
pression of gene expression through the Hippo/cWNT pathways in hu-
man hearts with ACM caused by defined PVs in the absence of overt heart
failure. The findings support the pathogenic roles of the EP300/TP53 and
the Hippo/cWNT pathways in ACM, including in left dominant ACM.
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Translational perspective
The findings suggest that altered mechanosensing at the cell–cell junction instigates a cascade of molecular events through the activation of acetyl-
transferase EP300/TP53 and suppression of gene expression through the Hippo/canonical WNT pathways in human arrhythmogenic cardiomyopa-
thy (ACM) caused by defined mutations. These molecular changes occur early and in the absence of overt heart failure. Consequently, one may
envision cell type-specific interventions to target the dysregulated transcriptional, mechanosensing, and mechanotransduction pathways to prevent
the evolving phenotype in human ACM.
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